Inherently unstable mRNAs contain AU-rich elements (AREs) in their 3 untranslated regions that act as mRNA stability determinants by interacting with ARE-binding proteins (ARE-BPs). We have destabilized two mRNAs by fusing sequence-specific RNA-binding proteins to KSRP, a decay-promoting ARE-BP, in a tethering assay. These results support a model that KSRP recruits mRNA decay machinery/factors to elicit decay. The ability of tethered KSRP to elicit mRNA decay depends on functions of known mRNA decay enzymes. By targeting the Rev response element of human immunodeficiency virus type 1 by using Rev-KSRP fusion protein, we degraded viral mRNA, resulting in a dramatic reduction of viral replication. These results provide a foundation for the development of novel therapeutic strategies to inhibit specific gene expression in patients with acquired or hereditary diseases.
mRNA stability varies considerably from one mRNA species to another and plays an important role in determining levels of gene expression (19, 46, 47) . Differential mRNA decay rates are determined by specific cis-acting elements within the mRNA molecule. The most common cis element responsible for rapid mRNA decay in mammalian cells is the AU-rich element (ARE) present within the 3Ј untranslated regions (UTRs) of a variety of short-lived mRNAs (2, 10) . Recent computational analysis of the 3Ј UTRs revealed that as many as 8% of human mRNAs contain AREs (2) . This finding suggests that AREs may account for degradation of most unstable mRNAs in human cells.
A number of proteins bind AREs and are important for regulating ARE-directed mRNA decay (4) . These proteins can be divided into two groups by function: decay-promoting/destabilizing and stabilizing ARE-binding proteins (ARE-BPs). Tristetraprolin (TTP) binds to the AREs of tumor necrosis factor alpha (TNF-␣) and other cytokine mRNAs and promotes their deadenylation and decay (5) . Mice lacking TTP exhibit decreased TNF-␣ and granulocyte-macrophage colonystimulating factor mRNA turnover (5) . BRF1, a relative of TTP, also promotes ARE-directed mRNA decay (38) . AUF1 modulates mRNA decay and either stabilizes or destabilizes ARE-containing mRNAs depending on the experimental system used (26, 35, 36, 49) . KSRP (K homology splicing regulatory protein), originally identified as a component of a protein complex that assembles on an intronic c-src neuronal-specific splicing enhancer (30) , is required for decay of ARE-containing mRNAs (9, 18) . In contrast, HuR stabilizes ARE-containing mRNAs (6) .
Understanding the mechanisms that control mRNA decay requires identification of the relevant enzymatic machinery. Two mRNA decay pathways exist in Saccharomyces cerevisiae (39) . Both pathways initially involve poly(A) shortening which is mediated predominantly by an enzyme complex containing Ccr4p and Caf1p (40) . Subsequently, the mRNA is degraded in either a 5Ј-to-3Ј or a 3Ј-to-5Ј direction. In the 5Ј-to-3Ј decay pathway, 7m GDP is removed from the 7m GpppN cap by the Dcp1p/Dcp2p decapping complex, followed by rapid degradation of the transcript by the 5Ј-to-3Ј exonuclease Xrn1p (39) . In the 3Ј-to-5Ј decay pathway, mRNA is rapidly degraded by the cytoplasmic exosome (21) , a complex containing at least nine exoribonucleases (31) . Human homologs of the yeast mRNA decay enzymes have been identified and include the decapping complex DCP1/DCP2 (27, 43, 45) , the 5Ј-to-3Ј exonuclease XRN1 (3), the exosome (1), and the deadenylases CCR4 and PAN2 (12, 41) . Human cells also contain an additional deadenylase, the poly(A) RNase PARN (22) .
The first step in mammalian mRNA decay, including AREdirected decay, appears to be poly(A) shortening (10, 37) . However, the mechanistic steps in mammalian mRNA decay after deadenylation are not well defined. The AREs were shown to stimulate deadenylation, 3Ј-to-5Ј decay, and 5Ј decapping (9, 11, 16, 17, 32) . Whether the human mRNA decay enzymes described above are involved in decay of ARE-containing mRNAs in vivo remains elusive. Despite intensive investigation, the mechanism underlining the regulation of these decay enzymes by the interactions between the AREs and decay-promoting ARE-BPs remains nebulous. We have suggested that the mRNA decay machinery is recruited to AREcontaining mRNAs through its interaction with decay-promot-ing ARE-BPs. This recruitment provides the basic mechanism responsible for rapid decay of the mRNAs (9, 18) .
In the present study, we investigate whether KSRP triggers mRNA decay in a tethering assay. We demonstrate that tethering of KSRP elicits mRNA decay. We also tether different domains of KSRP and find that two separate regions of KSRP are able to elicit mRNA decay. KSRP is found to form a complex with mRNA decay enzymes, including the poly(A) RNase PARN, the exosome components, and the decapping enzyme DCP2. Silencing expression of PARN, DCP2, and the exosome components by RNA interference (RNAi) inhibits decay of KSRP-tethered mRNA. Overexpression of a non-RNA-binding mutant of KSRP impairs ARE-directed mRNA decay likely by preventing the access of decay enzymes (or factors) to the mRNA. Finally, we demonstrate that human immunodeficiency virus type 1 (HIV-1) mRNAs are targeted for degradation by tethering of KSRP, which results in a dramatic decrease in viral replication. These results strongly suggest that mRNAs are targeted for degradation by tethered KSRP through the recruitment of mRNA decay enzymes. This tethering system can be used as a therapeutic approach to shut off specific gene expression.
containing doxycycline (2 g/ml), and cytoplasmic RNA was isolated at different times. For HIV-1 mRNA analysis, 293T cells were transfected with an HIV-1 proviral DNA (HIV-1 ) and constructs expressing various Rev fusion proteins. Cytoplasmic or nuclear RNA was isolated 48 h after transfection. Northern blot analysis using a 32 P-labeled RNA probe was done as previously described (18) . siRNAs. Small interfering RNAs (siRNAs) against mRNA decay enzymes were purchased from QIAGEN. Sequences of siRNAs used to silence gene expression are GGAGCUCUGUCCUAUGUAU (for PARN), CAACCUGUU ACGAGUUCUA (for CCR4), CACGGAAACUUCAGGAUAA (for DCP2), GUAGGAGACAUCGUAGUGG (for RRP4), CAAGGCCACACUCGAAGUG (for RRP46), GCAGAGUAAUGCAGUACCA (for PM-Scl100), GGAGACCA UGUGAUUGGCA (for RRP40), UCAUGCCUGUGCUGAAUCA (for MTR3), and UGAAGACUCACCAAUUAUA (for XRN1).
Immunoprecipitation analysis. HeLa-TO cells were transfected with constructs expressing different FLAG-tagged proteins. Cytoplasmic extracts were prepared from transfected cells (9) and subjected to RNase A treatment (0.2 mg/ml at room temperature for 10 min). The treated extracts were incubated with 10 l (bed volume) of anti-FLAG agarose (Sigma) for 4 h at 4°C. The beads were washed eight times with buffer (50 mM Tris, 150 mM NaCl, and 0.05% NP-40), and immunoprecipitated materials were eluted with sodium dodecyl sulfate sample buffer. The eluted fractions were subjected to immunoblot analysis.
RNA-binding analysis and immunoprecipitation of RNA-protein complexes. RNA-binding assays were performed as described previously (9) . After UV cross-linking, the reactions were diluted with buffer (500 l) containing 50 mM Tris-Cl (pH 7.6), 150 mM NaCl, and 0.5% NP-40 and incubated with anti-FLAG agarose (10 l) at 4°C for 4 h. The immunoprecipitates were washed six times and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and autoradiography.
Analysis of virus infectivity. Virus infectivity was analyzed with the JC53-BL cell line as described previously (33) . This cell line enables quantitative measurement of HIV-1 infection in a single cycle of infection based on activation of an integrated long terminal repeat-␤-galactosidase expression cassette. Supernatants from transfected cultures were also analyzed for HIV-1 p24 antigen concentration by enzymelinked immunosorbent assay as described previously (33) .
RESULTS
Tethering KSRP to a non-ARE-containing mRNA elicits mRNA decay. To determine whether KSRP promotes mRNA decay in a tethering assay, we fused it with the bacteriophage MS2 coat protein. Two additional ARE-BPs, including BRF1, which promotes decay of ARE-containing mRNAs (38) , and hnRNP A1, whose role in ARE-directed mRNA decay is unknown (20) , were also fused with the MS2 coat protein. We coexpressed these MS2-ARE-BP fusion proteins in HeLa-TO cells with ␤-globin reporter mRNAs containing either six MS2 coat protein binding sites (GB-6bs) or a fragment of GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (GB-GAPDH) in the 3Ј UTR (Fig. 1A) . As the MS2 coat protein binds to its cognate site as a dimer, at most six MS2-KSRP dimers could bind to the MS2 sites on the reporter mRNA, as opposed to a KSRP dimer which may likely bind to an ARE (7). Expression levels of reporter mRNAs were examined by Northern blot analysis. Coexpression of MS2-KSRP dramatically decreased the steady-state levels of GB-6bs mRNA compared to that in cells coexpressing the MS2 coat protein (Fig. 1B , compare lane 3 to lane 2). In contrast, coexpression of KSRP lacking the MS2 coat protein did not significantly decrease GB-6bs mRNA levels (Fig. 1B, lane 4) . A decrease in the expression levels of GB-6bs mRNA was also detected when BRF1, but not hnRNP A1, was tethered to the mRNA (Fig. 1C, lanes 2 and 4) . The reduction was specific to the tethering, as no significant decrease in the GB-6bs mRNA levels was detected in cells coexpressing BRF1 lacking the MS2 coat protein (Fig. 1C, lane 3) . Thus, we conclude that tethering decay-promoting ARE-BPs, including KSRP and BRF1, to a heterologous non-ARE-containing mRNA causes a marked reduction in the expression levels.
To determine whether the reduction in mRNA levels caused by tethered KSRP is indeed due to a consequence of increased mRNA decay, we expressed GB-6bs and GB-GAPDH mRNAs under the control of a Tet-regulatory promoter in HeLa-TO cells and analyzed decay of the mRNAs in the presence of 5) or anti-Xpress (lanes 6 to 9) antibody. (E) HeLa-TO cells were transfected with a construct expressing GB-6bs mRNA, under the control of a Tet-regulatory promoter, a construct constitutively expressing GB-GAPDH mRNA, and constructs expressing either MS2 or MS2-KSRP. The decay of GB-6bs mRNA was analyzed (left panel). Varied levels of GB-GAPDH mRNA are due to loading variations but not degradation of the mRNA. Signals of GB-6bs were quantitated by a phosphorimager, normalized to that of GB-GAPDH, and plotted as mean values Ϯ SDs against time (right panel). (F) HeLa-TO cells were transfected with a reporter expressing GB-GAPDH mRNA, under the control of a Tet-regulatory promoter, and constructs expressing either MS2 or MS2-KSRP. The decay of GB-GAPDH mRNA and levels of endogenous ␤-actin mRNA were analyzed (left panel). Signals of GB-GAPDH were quantitated, normalized to ␤-actin mRNA levels, and plotted as mean values Ϯ SDs against time (right panel). Dox, doxycycline. 1E ). In contrast, the half-life of GB-GAPDH mRNA was not affected by coexpressing MS2-KSRP (t 1/2 ϭ 15 h) (Fig. 1F) . Thus, we conclude that tethering of KSRP reduces mRNA levels by increasing decay rate. The KH domain and the C-terminal domain of KSRP trigger decay when tethered to an mRNA. We previously showed that the central KH domain of KSRP was sufficient to promote ARE-directed mRNA decay. This domain is composed of ac- Fig. 2A) . Whereas the KH motifs recognize specific RNA sequences, functions of the N and C termini are still unclear. We first constructed three MS2 fusion proteins comprising the N terminus (KSRP N ; amino acids 47 to 132), the central four KH motifs (KH [1] [2] [3] [4] ; amino acids 133 to 500), or the C terminus (KSRP C ; amino acids 501 to 711) of KSRP. We coexpressed these MS2 fusion proteins with reporter mRNAs and examined their ability to reduce mRNA levels. Coexpression of MS2-KH 1-4 , but not MS2-KSRP N , dramatically decreased the steady-state levels of GB-6bs mRNA (Fig. 2B , compare lane 2 with lane 3). The C-terminal domain of KSRP also efficiently reduced the levels of tethered mRNA (Fig. 2B , lane 4). The reduction in GB-6bs mRNA levels by MS2-KH [1] [2] [3] [4] and MS2-KSRP C was specific to the tethering, as no significant decrease in the mRNA levels was detected in cells coexpressing their counterparts lacking the MS2 coat protein (Fig. 2B , lanes 5 and 6).
To further define the central KH and C-terminal domains responsible for decrease in mRNA levels, we fused fragments consisting of different KH motifs or different regions of the C terminus with the MS2 coat protein ( Fig. 2A) . MS2 fusion polypeptides containing KH 1-3 or KH 2-4 efficiently decreased GB-6bs mRNA levels (Fig. 2C, lanes 2 and 3) . MS2 fusion polypeptides comprising KH 23 , KH 34 , or KH 3 also caused moderate reduction in GB-6bs mRNA levels, whereas KH 12 was inactive when tethered to the mRNA (Fig. 2C, lanes 4 to  7) . Removal of either the distal two-third (KSRP C1 ) or the proximal one-third (KSRP C2 ) of the KSRP C terminus significantly impaired the ability to decrease tethered mRNA levels (Fig. 2C, lanes 8 and 9) . These data suggest that multiple sequences within KH [1] [2] [3] and KH 2-4 motifs and both sequences residing in KSRP C1 and C2 fragments are required for efficiently triggering decay of tethered mRNA.
Half-life studies indicated that the reduction in GB-6bs mRNA levels by MS2 fusion polypeptides results from increased mRNA decay rate. Coexpression of MS2-KH 1-4 , -KH 1-3 , or -KH 2-4 accelerated decay of GB-6bs mRNA ( Fig. 2D and E) . The C terminus (KSRP C ), but not the N terminus (KSRP N ), of KSRP increased turnover rate of the tethered mRNA ( Fig. 2F  and G) . Thus, consistent with our previous results on the role of the central KH domain of KSRP in ARE-directed mRNA decay (18), KH [1] [2] [3] [4] constitutes an mRNA decay activation domain in tethering assays. Additionally, the C terminus of KSRP constitutes a second mRNA decay activation domain in these tethering assays.
The KH and the C-terminal domains of KSRP associate with mRNA decay enzymes. We previously demonstrated that KSRP associates with mRNA decay enzymes, including PARN and the exosome components (18) . We examined whether MS2-KSRP exists in a complex containing mRNA decay enzymes. We transiently expressed FLAG-tagged MS2 or MS2-KSRP and examined their association with mRNA decay enzymes in RNase-treated extracts by coimmunoprecipitation assays (Fig. 3) . MS2 or MS2-KSRP was immunopurified with anti-FLAG antibody, and the presence of decay enzymes was analyzed by immunoblotting. PARN, DCP2, and an exosome component, RRP4, were coimmunopurified with MS2-KSRP but not with MS2 (Fig. 3A) . To determine which regions of KSRP are responsible for the association, we expressed FLAG-tagged MS2-KSRP polypeptides containing the N or C terminus or KH [1] [2] [3] [4] and examined their association with mRNA decay enzymes. The tested decay enzymes were coimmunopurified with MS2-KH [1] [2] [3] [4] and MS2-KSRP C but not with MS2-KSRP N (Fig. 3B) . Based on these results, we suggest that MS2-KSRP recruits mRNA decay enzymes onto the mRNA through both the KH motifs and the C terminus.
Decay of KSRP-tethered transcripts relies on functions of known mRNA decay enzymes. We investigated whether mRNA decay elicited by tethered KSRP requires mRNA decay enzymes that associate with KSRP. We downregulated the expression of PARN, CCR4, DCP2, and the exosome components RRP4, RRP46, and PM-Scl100 by RNAi and examined the levels of KSRP-tethered mRNA. When expression of RRP4, RRP46, PM-Scl100, PARN, or DCP2 was decreased to 10 to 20% of the control levels ( Fig. 4A and B) , KSRP-tethered mRNA levels were restored (Fig. 4D) . Similarly, downregulation of the 5Ј-to-3Ј mRNA decay enzyme XRN1 and two more exosome components, RRP40 and MTR3, led to restoration of KSRP-tethered mRNA levels (Fig. 4E) . The varied levels of restoration in cells treated with exosome siRNAs may reflect the silencing efficiency of the siRNAs. In contrast, downregulation of CCR4 (Fig. 4C) , a major deadenylase involved in mRNA decay in yeast (40), did not increase the mRNA levels (Fig. 4D) . The overall levels of GB-GAPDH and GB-6bs mRNAs were reduced in cells treated with CCR4 siRNA, perhaps reflecting a role of CCR4 in transcription, as suggested with yeast (15) . In similar experiments, silencing expression of PARN, DCP2, and exosome components re- stored the levels of the mRNA tethered by KH [1] [2] [3] [4] or KSRP C. While downregulation of PARN or DCP2 moderately increased the levels of the mRNA tethered by KH [1] [2] [3] [4] , downregulation of exosome components significantly restored tethered mRNA levels (Fig. 4F) . The levels of KSRP C -tethered mRNA were equally restored in cells depleted of DCP2 or exosome components (Fig. 4G) .
We also examined whether the restoration of KSRP-tethered mRNA levels results from decreased mRNA decay. The half-life of KSRP-tethered mRNA was prolonged from 2.5 h to 5.5 h (2.2-fold), to 4.5 h (1.8-fold), and to 7 h (2.8-fold) in cells depleted of PARN, DCP2, and RRP46, respectively (Fig. 4H) . These results confirm a mechanistic role for PARN, DCP2, and exosome components in KSRP-mediated mRNA decay. We did not observe complete restoration of KSRP-tethered mRNA levels in cells treated with siRNAs against two exosome components simultaneously (RRP4 and RRP46 or RRP46 and PM-Scl100) or against DCP2 and RRP46 together (Fig. 4D) . It is likely that residual activities of DCP2 and the exosome are still sufficient for decay of the tethered mRNA.
Overexpression of non-RNA-binding KSRP polypeptide impairs decay of ARE-containing mRNAs. If functions of the KH motifs and C terminus of KSRP are to recruit mRNA decay trans-acting factors (including decay enzymes), expression of non-RNA-binding polypeptides comprising these regions might impair ARE-directed mRNA decay. We previously suggested that the KH 4 motif of KSRP is required for binding to AREs (18) . We expressed FLAG-tagged polypeptides containing different regions of KSRP in HeLa-TO cells and examined their ability to interact with an ARE by UV cross-linking assays. We immuno- (Fig. 5A) . We detected strong ARE-binding activity of KSRP or a polypeptide composed of the four KH motifs (KH 1-4 ) (Fig. 5A, lanes 2 and 6) . In contrast, no ARE-binding activity was detected with KSRP polypeptides lacking the KH 4 motif, such as those consisting of KH [1] [2] [3] (Fig. 5A, lane 4) , the N terminus and KH [1] [2] [3] (N-KH 1-3 ) (Fig. 5A, lane 8) , KH 1-3 and the C terminus (KH 1-3 -C) (Fig. 5A, lane 10) , or the N terminus, KH [1] [2] [3] , and the C terminus (N-KH 1-3 -C) (Fig. 5A, lane 12) . Upon longer exposure, we could detect ARE binding of KSRP polypeptides deleted of KH 4 (data not shown). Their binding activities were estimated to be 30-fold lower than that of KH [1] [2] [3] [4] . We immunopurified FLAG-tagged KSRP polypeptides and examined the presence of exosome component by immunoblotting. We detected RRP4 in the precipitates of KSRP polypeptides composed of KH [1] [2] [3] or the C terminus, including KH 1-3 , KSRP C , N-KH 1-3 , KH 1-3 -C, and N-KH 1-3 -C (Fig. 5B) . Together with the above data, we conclude that deletion of the KH 4 motif dramatically reduces ARE-binding activity of KSRP and that polypeptides containing KH [1] [2] [3] or the C terminus associate with mRNA decay enzymes. Finally, we determined whether expression of non-ARE-binding KSRP polypeptides could impair ARE-directed mRNA decay. We coexpressed KSRP polypeptides with a ␤-globin reporter mRNA containing the TNF-␣ ARE (GB-ARE tnf ) and examined decay of the mRNA. We did not detect significant inhibition in the decay of GB-ARE tnf mRNA in cells individually or simultaneously expressing polypeptides composed of KH [1] [2] [3] or KSRP C (data not shown) or in cells expressing polypeptides containing the N terminus and KH [1] [2] [3] or KH [1] [2] [3] and the C terminus (Fig. 5C) . Interestingly, coexpression of a KSRP polypeptide when the N and C termini and KH 1-3 are fused together (N-KH 1-3 -C) significantly inhibited decay of GB-ARE tnf mRNA (Fig. 5C) . Similarly, coexpression of the N-KH 1-3 -C polypeptide inhibited the decay of a ␤-globin mRNA containing the c-fos ARE (GB-ARE fos ) (Fig. 5D ). However, the inhibition effect on GB-ARE fos mRNA was smaller than that on GB-ARE tnf mRNA, perhaps because an additional factor specifically required for decay of GB-ARE fos mRNA could not be titrated by the KSRP mutant. These results suggest that expression of a non-ARE-binding KSRP mutant deleted of the KH 4 motif inhibits ARE-directed mRNA decay by titrating out of limiting factors important for the decay.
Tethering of KSRP targets HIV-1 mRNAs for degradation and dramatically inhibits viral replication. Finally, we asked whether tethering of KSRP could target the transcripts of HIV-1 for degradation. Three classes of HIV-1 mRNAs, an unspliced 9-kb mRNA, singly spliced 4-kb mRNAs, and fully spliced 2-kb mRNAs, are expressed in infected cells (14, 34) . Nuclear export of the unspliced and singly spliced mRNAs is dependent on an RNA-binding protein, Rev (13, 14) . Rev interacts with a specific RNA sequence, the Rev response element (RRE), present in the 9-kb and 4-kb mRNAs (34) . We expressed Rev-KSRP fusion protein in cells cotransfected with an HIV-1 proviral DNA and analyzed cytoplasmic levels of HIV-1 mRNAs (Fig. 6A) . The levels of the 9-kb and 4-kb mRNAs were dramatically decreased in cells coexpressing Rev-KSRP (Fig. 6A and B) . The reduction in the 9-and 4-kb mRNA levels by Rev-KSRP was specific to the tethering; KSRP lacking Rev had no significant effect on the mRNA levels ( Fig. 6A and B) . Furthermore, mRNAs were targeted for decay in an RRE-dependent manner. The levels of 2-kb mRNA as well as a cotransfected, truncated HIV-1 mRNA containing a large internal deletion, both of which lack the RRE, were not affected by Rev-KSRP (Fig. 6A) . Cytoplasmic levels of the 9-kb and 4-kb mRNAs were slightly increased in cells coexpressing Rev. This effect is likely due to increased nuclear export of the mRNAs by overexpressing Rev, resulting in depletion of the 2-kb mRNA (14) .
The reduction of the cytoplasmic levels of 9-and 4-kb mRNAs, but not 2-kb mRNAs, by Rev-KSRP (Fig. 6A) could also be explained as inhibition of mRNA nuclear export by fusion of KSRP with Rev. We performed additional experiments to provide support that the reduction of cytoplasmic 9-kb and 4-kb mRNA levels is not completely due to inhibition of viral mRNA nuclear export by coexpression of Rev-KSRP. We first examined nuclear mRNA levels. The levels of the 9-kb mRNA in the nucleus were reduced by coexpression of Rev-KSRP ( Fig. 6C and D) , not increased, which would be expected if the Rev functions were inhibited by fusion with KSRP. We next examined cytoplasmic levels of HIV-1 mRNAs in cells coexpressing Rev or Rev-GFP. We did not detect a significant difference in the levels of all three classes of HIV-1 mRNAs between cells coexpressing Rev and Rev-GFP ( Fig.  6E and F) , indicating that fusion of GFP with Rev does not compromise its functions in mRNA nuclear export. We also coexpressed Rev-KH 1-4 and examined cytoplasmic HIV-1 mRNA levels. The levels of 9-and 4-kb mRNAs were significantly decreased by coexpression of Rev-KH [1] [2] [3] [4] . Most importantly, the cytoplasmic levels of 2-kb mRNAs were dramatically reduced as well (Fig. 6G, lane 2, and H) . These data suggest that the 9-and 4-kb mRNAs are degraded by Rev-KH [1] [2] [3] [4] , which also reduces the levels of 2-kb mRNA by depleting the pre-mRNAs for the production of the fully spliced 2-kb mRNAs. Altogether, our data suggest that tethering of KSRP or KH [1] [2] [3] [4] to HIV-1 mRNAs decreases the HIV-1 mRNAs by eliciting mRNA decay. Finally, we examined virus particle production and infectivity. The viral infectivity as well as the HIV-1 p24 antigen levels was dramatically decreased in cells expressing Rev-KSRP (Fig. 6J) . These data indicate that targeting of KSRP to HIV-1 mRNAs via Rev results in inhibition of viral replication.
DISCUSSION
The ARE is one of the most prevalent cis-acting elements responsible for mRNA decay in human cells (2) . Although identified more than 15 years ago, the mechanism of AREdirected mRNA decay regulated by decay-promoting AREBPs is still not completely understood. How does a decaypromoting ARE-BP target bound mRNA for decay? Which mRNA decay enzymes are involved in degradation of the bound mRNA? Here, using a tethering assay, we provide strong evidence for a previously suggested model that mRNA decay enzymes/factors are recruited to KSRP-bound transcripts to elicit mRNA decay. Four lines of data support the recruitment model: (i) tethering KSRP to non-ARE-containing mRNAs elicits decay ( Fig. 1 and 6 ), (ii) KSRP associates with mRNA decay enzymes (Fig. 3) , (iii) silencing expression of some mRNA decay enzymes impairs decay of KSRP-tethered mRNA, and (iv) interfering with the access of mRNA decay factors/enzymes to ARE-containing mRNAs by overexpression of a non-RNA-binding KSRP mutant inhibits their decay (Fig. 5) . Recent studies of TTP and BRF1 also support the recruitment model (29) . Using MS2 tethering assays, we found that two individual domains of KSRP are able to trigger decay when tethered to a reporter mRNA. The central KH domain, which constitutes four KH motifs, is one of the decay activation domains and associates with mRNA decay enzymes. Further dissecting the KH motifs indicates that the third KH motif (KH 3 ) moderately elicits decay of tethered transcripts. However, efficient mRNA decay requires additional KH motifs, including the first and second or the second and fourth KH motifs, to be present together with KH 3 . These results suggest that multiple sequences within the KH motifs or a proper conformation formed by the KH motifs is necessary for efficiently triggering mRNA decay. Since KH 1-4 elicits decay of tethered mRNA more efficiently than KH 1-3 or KH 2-4 ( Fig. 2D and E) , our results also suggest that no individual KH motifs can be fully excluded for promoting mRNA decay. These sequences may be required for stabilizing the interactions between the KH motifs and mRNA decay factors (or enzymes).
The C-terminal domain, which is dispensable for ARE-directed decay in our previous depletion and reconstitution experiments using ARE-containing mRNA as a substrate (18), is another decay activation domain in the tethering assays. The C-terminal domain may promote decay of tethered mRNA by recruiting decay machinery, as it also associates with mRNA decay enzymes ( Fig. 3B and 5B). Our findings on KSRP domains required for mRNA decay are somewhat consistent with the recent conclusion from the studies of TTP and BRF1 by use of similar assays. TTP and BRF1 contain two domains, the N-and C-terminal domains, that can promote mRNA decay when tethered to a reporter mRNA. While the N terminus of TTP promotes decay by recruiting mRNA decay enzymes, the C terminus does so likely by recruitment of factors other than known mRNA decay enzymes (29) . Whether the KH motifs or the C terminus of KSRP interacts with mRNA decay enzymes directly or indirectly awaits further investigation. Our results suggest that mRNA decay enzymes are recruited onto KSRPbound mRNA via both domains.
We assessed functions of known mRNA decay enzymes in KSRP-mediated decay by RNAi-mediated gene silencing. The decay of tethered transcripts relies on functions of PARN, DCP2, XRN1, and the exosome components. In contrast, CCR4 does not appear to be involved in decay of KSRPtethered mRNA in our system. Although PARN is required for decay of KSRP-tethered mRNA, it does not appear to play a major role in the decay, as we detected only moderate restoration in the levels of tethered mRNA in cells depleted of its activity. These data suggest that there are additional enzymes involved in deadenylation of the tethered mRNA. This conclusion is consistent with the findings that at least seven ribonucleases are predicted or known to possess deadenylation activity in mammalian cells, including PARN, PAN2, CCR4-related families (CCR4, nocturnin, angel, and 3635), and the CCR4-associated factor CAF1 (12, 15, 22, 41, 44) . Some of these deadenylases may be redundant or specific to certain transcripts. Furthermore, tethered KSRP appears to rely primarily on function of the exosome components and depend moderately on functions of DCP2 and XRN1 after deadenylation, as downregulation of exosome components restores tethered mRNA levels better than those restored by downregulation of DCP2 or XRN1. This suggests that the tethered mRNA may be preferentially degraded through a 3Ј-to-5Ј direction. Nevertheless, we did not observe complete restoration of KSRP-tethered mRNA levels in cells treated with siRNAs against two exosome components simultaneously or against DCP2 and RRP46 together (Fig. 4D) , suggesting that residual DCP2 and exosome activities in siRNA-treated cells are still sufficient for the decay. It is also possible that downregulation of both DCP2 and the exosome component or two exosome components together is lethal, as suggested with yeast (21, 31) ; therefore, no further restoration in KSRP-tethered mRNA levels could be detected. Furthermore, additional unidentified or untested mRNA decay enzymes may be involved in decay of KSRP-tethered mRNA, but this awaits further investigation.
Recent studies of regulation of mRNA decay in mammalian cells by use of different experimental systems have implicated human homologs of yeast mRNA decay enzymes in different mRNA decay pathways. Overexpression of a catalytic mutant of CCR4, but not mutants of PARN or PAN2, alters mRNA decay rate mediated by the c-fos major protein-coding determinant of instability (8) . PAN2 and CCR4 are the major poly(A) nucleases that act in concert in the decay of normal and nonsense-containing (nonsense-mediated decay [NMD]) mRNAs (50) . Overexpression of DCP2 facilitates ARE-directed mRNA decay (29) . NMD requires PARN, components of the human exosome, and DCP2 (24) . mRNA decay triggered by tethered SMG7, which mimics NMD, requires functions of DCP2 and XRN1 (42) . Regardless of systems used, all of these studies suggest that mRNA decay in mammalian cells is complex and may involve several specific as well as redundant decay pathways which are activated simultaneously or distinctly by trans-acting factors involved in different mRNA decay mechanisms. Some of the decay pathways require the same enzymes; others require distinct enzymes. In addition, there may be more enzymes and pathways involved in mammalian mRNA decay. A complete understanding of mammalian mRNA decay requires the identification and characterization of these additional factors (or enzymes).
We demonstrated that ARE-directed mRNA decay is impaired by expression of non-RNA-binding KSRP polypeptides. Despite their association with tested mRNA decay enzymes, non-ARE-binding polypeptides comprising only KH [1] [2] [3] or the C terminus of KSRP or both domains expressed in the same context did not significantly inhibit ARE-directed mRNA decay. Efficient inhibition of mRNA decay was observed to occur only when the N and C termini and the KH 1-3 motifs were expressed in the same context. The mechanism of the inhibition by this polypeptide is not known, but possible scenarios can be envisaged. When the N and C termini and KH [1] [2] [3] are fused together in one polypeptide, a proper structure is formed to sequester factors in addition to the tested, known mRNA decay enzymes from the ARE-containing mRNA. These factors, which are important for eliciting mRNA decay, can still access the mRNA when KSRP domains are expressed sepa-rately. Our data also imply that the recruitment of these factors by ARE-bound KSRP or other decay-promoting ARE-BPs can elicit mRNA decay. Although these additional sequestered factors await further characterization, they may be other decay-promoting ARE-BPs. A support for this is that TTP was shown to interact with KSRP (25) . Alternatively, the association of mRNA decay enzymes with the KSRP polypeptide lacking KH 4 only, but not with separately expressed KSRP N , KH [1] [2] [3] , or KSRP C , may prevent the access of mRNA decay enzymes to other decay-promoting ARE-BPs that bind to the same ARE as KSRP but recruit decay machinery through their association with distinct components of the machinery. We propose that the association of the KSRP polypeptide lacking only KH 4 with the mRNA decay machinery may form a larger block to prevent the recruitment of the machinery by other decay-promoting ARE-BPs.
Finally, we provide proof of principle that tethering of KSRP reduces the abundance of unspliced and singly spliced HIV-1 mRNAs. Although we cannot provide definite evidence at this stage that the reduction of HIV-1 mRNAs by Rev-KSRP or Rev-KH 1-4 is due to mRNA degradation and likely that other effects on the Rev-KSRP-tethered mRNAs, such as mRNA nuclear export or splicing, may cause the reduction of cytoplasmic 9-and 4-kb mRNA levels, our results support, at least in part, that the tethered mRNAs are targeted for decay by Rev-KSRP and Rev-KH [1] [2] [3] [4] . Three lines of data suggest that the reduction of viral transcripts is due to mRNA degradation. We did not detect a large increase in nuclear 9-and 4-kb mRNA levels in cells coexpressing Rev-KSRP compared with that in control cells (transfected with a control vector) ( Fig. 6C  and D) , which would be expected if fusion of KSRP with Rev inhibited its functions. Fusion of Rev with GFP does not impair Rev functions in mRNA nuclear export ( Fig. 6E and F) , which provides indirect support that fusion of KSRP unlikely inhibits Rev's activity. Coexpression of Rev-KH 1-4 significantly decreases the cytoplasmic levels of 9-and 4-kb mRNAs as well as those of the 2-kb mRNAs. These data ( Fig. 6G and H) suggest that Rev-KH 1-4 is functionally active in mRNA nuclear export as Rev and Rev-KH 1-4 -bound 9-and 4-kb mRNAs are degraded in the cytoplasm. As the nuclear 2-kb mRNA levels are increased in cells coexpressing Rev-KSRP, we cannot completely exclude that KSRP fusion may somewhat inhibit Rev's nuclear export activity, which provides a favored condition for the unspliced 9-kb and 4-kb mRNAs to be spliced. It is also possible that Rev-KSRP alters the splicing activity of the 9-kb and 4-kb mRNAs in the nucleus.
Targeting HIV-1 mRNAs for degradation by various approaches, such as antisense RNAs, ribozymes, and RNA interference, successfully inhibits HIV-1 replication (23, 48) . Several gene therapies against HIV-1 have been developed and have been shown to inhibit viral replication (23, 48) . However, additional therapeutic strategies must be developed continuously to inhibit newly evolved strains. Our tethering approach complements existing therapeutic strategies for AIDS treatment and may have advantages over other approaches. Any HIV-1 strains that escape recognition by Rev-KSRP by altering the RRE will not replicate in infected cells because the interaction between the RRE and Rev is essential for viral replication (34) . Strains bearing mutations in the RRE would require simultaneous, compensatory mutations in Rev in order to replicate, which would be extremely unlikely. The tethering method described here to degrade specific HIV-1 mRNAs can be adapted to target other mRNAs that are overexpressed in acquired or hereditary diseases for degradation.
